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ABSTRACT

We present 330 MHz images and integrated flux densities for 20 previously identified 1st quadrant
Galactic Supernova Remnants (SNRs). The observations were made in the D configuration of the VLA
giving an angular resolution of ~3’ and providing good sensitivity to extended structure. Such emis-
sion, particularly if it is nonthermal, might be missed on higher frequency surveys due to confusion with
the Galactic background and confusion with thermal sources in complex regions. Both problems are
reduced by interferometric observations at this lower frequency. The flux densities presented can be
used to anchor the low frequency end of the radio spectra of these sources, which are often poorly
determined by previous observations at both high and low frequencies. The measurements presented
here are also useful for distinguishing steeper spectrum shell-type emission from flatter spectrum pler-
ionic emission for SNRs whose intrinsic morphological type is not well established.

1. INTRODUCTION

A major obstacle to numerous problems in Galactic astro-
physics arises from the well known incompleteness of exist-
ing Galactic Supernova Remnant (SNR) catalogs (Green
1984, 1988a, 1991). One reason for this is the selection effect
imposed by the surface-brightness sensitivity and dynamic
range limitation of centimeter wavelength radio continuum
surveys in the Galactic plane, selecting against SNRs or
parts of SNRs with low level diffuse emission (Green
1988b).

For the same reason, the properties of identified Galactic
SNRs are often poorly known, in particular their radio spec-
tral index and total extent. In deriving continuum spectra for
36 Ist quadrant Galactic SNRs, Kassim (1989a,b) often
found widely conflicting flux density measurements for the
same objects at similar frequencies. The confusion is en-
hanced for directions toward the inner Galaxy where the
Galactic background emission is high and insufficient angu-
lar resolution imposes confusion with thermal sources in
complex regions.

In order to address these difficulties, we have undertaken
a program to study Galactic SNRs using the VLA at 330
MHz (P band). In its D configuration (providing maxi-
mum surface-brightness sensitivity), the VLA P-band sys-
tem is ideal for this purpose. First, the contrast between ther-
mal and nonthermal emission is often greater at Pband than
at higher frequencies, thus allowing easier separation of ther-
mal and nonthermal sources in complex regions (e.g., see
Kassim & Weiler 1990a,b). Second, in its D configuration
the VLA at 330 MHz is sensitive to low surface-brightness
emission from extended (<45’) SNRs, but is not confused
with the much more extended ( > 2°) Galactic background
resolved out by the interferometer. Furthermore, Kassim
(1989b) has shown that 330 MHz is a sufficiently high fre-
quency so that absorption of nonthermal emission by all but
discrete, high density H 11 regions lying along the line of
sight is negligible.

Flux densities provided by such measurements are there-
fore useful for anchoring the low frequency end of the intrin-

! The VLA is a facility of the National Radio Astronomy Observatory oper-
ated by Associated Universities, Inc., under a cooperative agreement with
the National Science Foundation.
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sic spectra of these nonthermal sources. For example, Kas-
sim et al. (1991) observed the CTB37A/B SNR complex
with the same VLA P-band system. Their observations re-
vealed large areas of extended, low surface-brightness emis-
sion associated with known SNRs in the complex that were
missed by previous observations, and also led to the identifi-
cation of a new Galactic SNR.

In this paper, we present 330 MHz maps and integrated
flux densities for 20 previously identified Galactic SNRs. In
addition to providing improved information on their contin-
uum spectra and angular extent, these new low frequency
measurements should aid in the classification of the SNR
morphological type. Specifically, low frequency measure-
ments can help distinguish between flatter spectrum pler-
ionic and steeper spectrum shell-type emission [e.g., see
Weiler & Sramek (1988) for a discussion of the differences
between plerions and shell-type SNRs]. Some of the maps
may also be useful for separation of thermal and nonthermal
emission from SNRs superimposed on thermal sources in
complex regions (e.g., W51, Odegard & Kassim 1992). Re-
sults from our observations pertaining to known H 11 re-
gions, SNR candidates, and previously unidentified sources
will be presented separately. The observations presented
here are not ideal for studying fine structure in the brightness
distributions; these details can be better studied with obser-
vations using the improved and much more sensitive P-band
system currently on-line at the VLA, and by observations in
larger array configurations which employ full three-dimen-
sional imaging algorithms.

2. OBSERVATIONS

Observations toward 20 SNRs in the first Galactic quad-
rant were obtained with the VLA P-band (90 cm, 327-333
MHz) system during two separate runs in the D configura-
tion (maximum baseline ~1 km) on 20 March 1987 (15 P-
band antennas available) and 8 July 1988 (22 P-band anten-
nas available). In both cases, observations were made in two
3 MHz bands.¢entered at 327.5 MHz and 333.0 MHz (4 90
cm). For each phase center, the total integration time was
approximately 1 hr, consisting of six 10™ snapshots spread
over an 8 hr time period in order to optimize the available uv
coverage. Table 1 summarizes the number of P-band anten-
nas and uv ranges obtained for each SNR
observed.

943

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992AJ....103..943K&amp;db_key=AST

FT992AT.~ - CI03: Z943K0

944 NAMIR E. KASSIM: VLA OBSERVATIONS OF SNRs 944
TABLE 1.0bserved parameters for 20 Galactic SNRs.
RA. Dec. §330 MHz uv range
(1950.0) (1950.0) peak/total® rms No. of min/max Other

Name (hms) c'" (Jy beam~'/Jy) (mJy/beam) antennas (kA) PBAF Names
G54 —-12 17 58 30 —244900 4.0/37.5 120 22 0.05/1.13 1.00 Milne 56
G6.4 —0.1 17 58 33 —232459 17.3/660 400 22 0.03/1.12 1.14 w28
G11.2-0.3 18 08 30 — 192600 22.3/39.0 200 22 0.03/1.14 1.09
G11.4—-0.1 18 07 47 — 290600 4.2/17.6 150 22 0.03/1.14 1.00
G12.0-0.1 1809 12 — 183759 2.7/7.8 125 22 0.03/1.14 1.10
G18.840.3 182118 - 122759 6.3/55.3 200 15 0.04/1.13 1.64 Kes 67
G21.5—-09 1830 46 — 103559 6.6/9.3 150 22 0.03/1.15 2.15
G21.8—-0.6 183017 — 101400 14.0/132.2 200 - 22 0.03/1.15 1.41 Kes 69
G22.7—-0.2 183110 —0909 59 2.5/84.4 200 22 0.03/1.15 122
G23.3-03 183122 — 085158 6.9/151.0 200 22 0.03/1.15 1.50 w41
G29.7—-0.3 184348 —030159 18.1/27.4 600 22 0.03/1.14 3.30 Kes 75
G30.7+ 1.0 184116 — 013200 2.6/8.6 175 15 0.05/1.12 1.29 |
G31.9+0.0 18 46 48 — 005800 21.9/44.8 300 22 0.03/1.14 1.90 3C391
G32.8-0.1 18 48 48 — 000300 3.4/31.3 300 22 0.03/1.14 1.67 Kes 78
G33.6 + 0.1 18 50 00 + 0036 00 8.3/34.8 300 22 0.03/1.14 1.13 Kes 79
G34.7-04 185344 + 012700 17.0/469 400 22 0.03/1.14 1.83  W44/3C392
G36.6 —0.7 18 58 36 + 02 50 00 0.6/6.7 100 22 0.03/1.15 1.18
G39.2-0.3 190135 + 052258 14.6/42.5 400 22 0.03/1.15 2.71 3C396
G41.1-0.3 190509 + 07 04 00 22.3/46.3 250 22 0.03/1.15 1.15 3C397
G49.2 - 0.7 192045 + 141000 12.0/336° 100 22 0.04/1.14 1.02 A

See notes to individual sources (Sec. 3) for details regarding flux density measurements for SNRs in complex regions.
®Integrated flux density includes contributions from both thermal and nonthermal emitting regions.

Both flux density and phase calibration were based direct-
ly on observations of 3C286, 3C380, and 3C48 which were
defined to have flux densities at 330 MHz of 29, 45, and 47
Jy, respectively. These values are consistent with the Baars et
al. (1977) absolute flux density scale whose intrinsic uncer-
tainty at these long wavelengths is at least 10%. Standard
computer programs were used to interpolate the gain and
phase of the instrument between calibrator observations.
These procedures are normal for the VLA and are thought to
provide a flux density calibration which is consistent to a few
percent with possible systematic errors of up to ~ 5%, or less
than the intrinsic errors in the absolute flux density scale.
For a more detailed description of the VLA see Napier et al.
(1983). For the flux densities presented in this paper, errors
due to instrumental uncertainties and errors introduced
while obtaining flux densities for poorly defined sources are
expected to dominate, and these are discussed in more detail
in Sec. 3.1 below.

The shortest array spacings at 90 cm were typically ~ 304,
but varied from source to source. This means that in general
sources larger than ~ 30’ at 90 cm may be undersampled and
have their flux densities underestimated by > ~10%. (Ta-
ble 1 lists the precise uv range available for each source.) The
individual uv datasets, after calibration, correction, and in-
spection for quality, were combined to produce a single visi-
bility dataset for each pointing position. These data were
then Fourier transformed to produce “dirty” maps which
were then CLEANed and restored with elliptical Gaussians.
The final maps presented in Sec. 3 below, after correction for
primary beam attenuation, are subimages obtained from
these CLEANed fields. The measured rms noise levels vary
from map to map, but are generally in the range of ~200-
400 mJy beam !,

We note several problems which adversely affected the
quality of the data. First, cross-talk between individual an-
tennas often contaminated up to ~25% of the data on the
shortest ( <0.2k1) baselines. These bad visibilities could
usually be identified by their unusually large amplitudes or
by their correspondence with unrealistic artifacts in the
transformed images (e.g., broad stripes). These data were

eliminated if possible, and were most severe during the
March 1987 observations from which data for only two
sources were obtained. Second, in principle a three-dimen-
sional Fourier transform is required to properly image the
large field of view provided by a noncoplanar array at low
frequencies, and our data were reduced using a two-dimen-
sional FFT reduction package. The effects of this error on
the quality of the images is small when the array is in the D
configuration, and are not expected to have a significant ef-
fect on our D array maps (Perley & Cornwell 1991). The
error introduces a distortion which increases radially from
the phase center. Serious errors arise when the product of the
angular offset of the source in radians from the phase center
multiplied by this same offset in synthesized beams exceeds
unity. This condition is not violated for any of the data pre-
sented in this paper.” Furthermore, while the effect may dis-
tort the appearance of point sources far (> 1°) from the
phase center (and similarly fine details in the brightness
structure of extended emission), it appears to have little ef-
fect on integrated flux densities (Uson et al. 1991). Finally,
uncertainties related to the focal properties of the early P-
band observing system (e.g., pointing characteristics) used
to obtain the data presented here may have led to systematic
errors on dirty maps which are not completely corrected by
the CLEANIng process. This is reflected in higher than theo-
retical noise levels on the final maps.

Despite these known sources of errors, the integrated flux
densities and the sensitivity to extended structure for the
sources we present here are among the best currently avail-
able at low frequencies. (See Sec. 3.1 for a discussion of esti-
mated errors for integrated flux densities.) However, these
data cannot provide high dynamic range imaging of fine de-
tails in the surface-brightness distributions of these SNRs.
Such information is better provided by the much improved,

2 For a nominal 3’ beam this condition is met at a distance of ~ 100’ from the
phase center, corresponding to a Primary Beam Attenuation Factor
(PBAF) of 5.2. The average distance from the phase center for the 20 SNRs
imaged in this paper is ~30', corresponding to an average PBAF of 1.52.
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currently available 27 antenna P-band VLA system, and by
observations in wider array configurations employing full
three-dimensional imaging techniques.

3. RESULTS

The 90 cm images of 20 previously identified Galactic
SNRs are shown in Figs. 1-19. (There are only 19 images
since G22.7 — 0.2 and G23.3 — 0.3 appear on the same
map.) In some cases the images are confused by other
sources (often previously identified H 11 regions), and these
are discussed below in the notes which apply to individual
fields. Table 1 summarizes the measurements obtained from
the maps, and the columns contain the following informa-
tion:

Column 1: The name of the source in the standard Galac-
tic notation as they appear in the most recent Green (1991)
Galactic SNR catalog.

Columns 2 and 3: Position of maximum in right ascension
and declination (epoch 1950.0). Note that for most SNRs
the position of maximum intensity is rarely coincident with
the morphological center of the source.

Column 4: The peak and total 90 cm (330 MHz) flux
density in units of Jy/beam and Jy, respectively. Integrated
flux densities were determined using AIPS tasks IMFIT and
TVSTAT, with boundaries for the region of integration gener-
ally determined by eye. No attempt was made to remove
other than a uniform background unless otherwise noted
under the notes to individual sources in Sec. 3.2.

Column 5: The rms noise in the map in units of
mJy/beam.

Column 6: The number of P-band antennas available for
the observations.

Column 7: The minimum and maximum available uv
range used to map the source in units of k4.

Column 8: The primary beam attenuation factor (PBAF)
at the position of maximum flux density.

Column 9: Other commonly used names for the sources.
Abbreviations have the following definition:

(i) W—Source appears in the Westerhout survey at 1390
MHz (Westerhout 1958).

(ii) 3C—Source appears in the Cambridge 3C catalog
(Bennett 1963).

(iii) Kes—Source appears in the Kesteven survey at 408
MHz (Kesteven 1968).

3.1 Uncertainties in Integrated Flux Densities

Errors in the integrated flux densities are expected to arise
mainly from the following sources: (1) the inherent rms
noise in the map; (2) the uncertainty in the primary beam
correction;” (3) systematic errors associated with obtaining
integrated flux densities for extended sources in confused
fields; and (4) the error associated with the absolute flux
density calibration. (Errors associated with the problems of
cross-talk and wide-field imaging, discussed in Sec. 2 above,
are reflected in an increase in the rms noise.) In general, we
found that the effects due to (1) and (3) dominate, particu-
larly for weak, poorly defined sources with low surface
brightness. Based on these considerations, we estimate an
error of 20% in integrated flux density or 2 Jy, whichever is
greater, for sources observed in 1988 when 22 antennas were

3 This uncertainty varies from ~ 2% for sources 10’ from the phase center to
> 10% for sources > 80’ from the phase center.
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available, and 30% in integrated flux density for the fields
observed in 1987 when only 15 antennas were available. (Ta-
ble 1, Column 6 lists the number of antennas available for
each SNR observed.)

3.2 Extended Notes on Individual Sources

G5.4 —1.2. Our observations, shown in Fig. 1, confirm the
flat spectrum of emission (@~ — 0.2) seen for this compli-
cated source at higher frequencies. This favors an interpreta-
tion of the source as mainly plerionic, although it has also
been suggested that it may be a composite (Weiler & Sramek
1988; Green 1991). The mildly flat spectrum we see could
easily be a blend between flatter spectrum (a~0.0) pler-
ionic emission and steeper spectrum shell emission. Caswell
et al. (1987) suggest a shell, but we do not find any evidence
for the low surface-brightness eastern shell which their 843
MHz MOST map shows. Either it is thermal, has a flat spec-
trum atypical of shell emission, or we have insufficient sur-
face-brightness sensitivity to detect it.* The powerful source
to the northeast is the thermal source associated with the
Lagoon Nebula (M8). It is now believed that a fast, young,
and potentially very high velocity pulsar is associated with a
wind blow nebula near the western edge of the SNR, sup-
porting the interpretation that the remnant is at least partial-
ly plerionic (Frail & Kulkarni 1991; Manchester et al.
1991). The integrated flux density of 37.5 Jy we list in Table
1 does not include the contribution from the emission south
of ~ — 25°10’, which may be unrelated to the SNR.

G6.4—0.1. This is a well known SNR exhibiting bright
shell-type emission from a nonthermal ring and possibly
plerionic emission from a flat spectrum core; thus it is classi-
fied as a composite in Green’s (1991) catalog. A compact x-
ray source near the center supports the case for a plerionic
component (Andrews et al. 1983). Recombination line ob-
servations have shown that compact H 11 regions lie along
the line of sight, but this emission would probably be optical-
ly thick and contribute little relative flux at our frequency
(Andrews et al. 1985). Our map shown in Fig. 2, is dominat-
ed by the extended nonthermal emission of ~660 Jy which
together with Green’s estimate of its flux at 1 GHz gives an
overall spectral index of @~ — 0.7. This shows that the
steeper spectrum shell emission dominates over any pler-
ionic or thermal emission at low frequencies. Our map shows
considerable extended low surface-brightness emission asso-
ciated with the interior of the bright shell which is difficult to
distinguish from the Galactic background on higher fre-
quency single-dish maps (e.g., see Reich et al. 1990; Alten-
hoff et al. 1978). The bright extended source to the south
near § = — 24°5' is a known H 11 region appearing in Lock-
man’s (1989) latest catalog.

G11.2—0.3. This source is a shell-type SNR which is only
marginally resolved at our resolution, and our map is shown
in Fig. 3. Previous observations (see Morsi & Reich 1987a,
and references therein) suggest a flatter spectrum core
which would contribute relatively little flux on our map. Our
integrated flux density is consistent with the typical shell-
type spectrum of @ ~ — 0.5 indicated by previous observa-
tions (Green 1991; Kassim 1989a). Green et al. (1988) de-

4Unfortunately, even if the eastern shell had an @ = — 0.5 shell-type spec-
trum, it would appear at only the 2-3¢ level above the noise on our 90 cm
VLA map. Observations with the presently available improved and more
sensitive VLA P band are warranted to set more meaningful limits on the
nondetection.
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DECLINATION

10'

20'
18"oI"00*

17"s8™ 00"
RIGHT ASCENSION

FIG. 1. Contour map of G5.4 — 1.2. HPBW is 296" x 178" at
P. A. +5° and is shown at the lower left. Peak flux is 6.8
Jy/beam, and the rms noise o is =~ 120 mJy/beam. Contours
areat (—3,3,5,7, 10, 14, 18, 22, 26, 30, 34, 38, 42, 46, 50,
and 54) *o.

scribe this source as an “evolved Cassiopeia A” based on
high resolution VLA observations.

G11.4—0.1. This source is probably a shell-type SNR.
Our integrated flux density of ~18 Jy, derived from our
image shown in Fig. 4, together with higher frequency mea-
surements indicates a steeper spectrum of a~ — 0.7 than
the @ = — 0.5 listed in Green’s (1991) catalog. Previous
low frequency flux density measurements were uncertain
due to contamination by the sidelobes of a nearby source,
which could explain the uncertainty in the derived spectrum
(e.g., see Clark et al. 1975).

G12.0—0.1. Our map, shown in Fig. 5, reveals emission
from a northeastern and southwestern component, but only
the former centered near o = 18"09™15%, § = — 18°37.5'
has been considered the SNR. Furthermore, even this
brighter northeastern component is known to consist of an
eastern nonthermal component and a western thermal com-

-23°00'

DECLINATION

17"58™ I7"56™
RIGHT ASCENSION

18"oo™

F1G. 2. Contour map of G6.4 — 1.2. HPBW is 265" X 184"
atP.A. + 2°and isshown at the lower left. Peak fluxis 17.3
Jy/beam and the rms noise o is ~400 mJy/beam. Con-
toursareat ( — 4, — 2, 2,4, 6,8, 10, 12, 16, 20, 24, 28, 32,
36, 40, 44, and 48) *o.
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,Gl1.2-03
-19°18 0

DECLINATION
N
o
I

| -
18"09™00" 08™30" os™o0*
RIGHT ASCENSION

FiG. 3. Contour map of G11.2—0.3. HPBW is
247" % 189" at P.A. + 3.5° and is shown at the lower
right. Peak flux is 22.3 Jy/beam and the rms noise o is
~200 mJy/beam. Contoursareat ( — 3, — 1,3,5,7, 10,
14, 18, 22, 26, 30, 34, 38, 42, 46, 50, 60, 70, 80, 90, 100,
110, and 120) *o.

ponent which are not well resolved at our resolution (Clark
etal. 1975). Clark et al. estimate the thermal contribution at
408 MHz to be ~3 Jy, which should be a reasonable upper
limit to the 330 MHz thermal flux density. We measure a
total flux of ~7.8 Jy from the northeastern component, im-
plying a lower limit of ~4.8 Jy of nonthermal flux. Com-
bined with the 6 cm Clark et al. flux density listed in Green’s
catalog, this implies @ < — 0.5 which is compatible with ex-
isting estimates of the spectrum. However, our map suggests
that the SNR is larger than previously realized, and if the
southeastern component near a = 18"08™40°,
8§ = — 18°45' completes the shell of a single larger SNR, we
find an integrated flux density of > 11.6 — 3 or > 8.6 Jy for

Gl1.4-0.1

o7"30"

08™o0*
RIGHT ASCENSION

8™30°

FI1G. 4. Contour map of G11.4 — 0.1. HPBW
is 247" X 189" at P. A. + 3.5°and is shown at
the lower left. Peak flux is 4.2 Jy/beam and
the rms noise o is ~ 150 mJy/beam. Contours
areat (—1,3,5,7,9,11,13,15,17, 19, 21,23,
25,27, and 29) *o.
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G12.0-0.1

-18°30'

R

L

DECLINATION
H
o

O

i8"09™30°  o9Mo0*  o08™30
RIGHT ASCENSION

FiG. 5. Contour map of G12.0—0.1. HPBW is
247" % 189" at P.A. + 3.5°and is shown at the lower left.
Peak flux is 2.7 Jy/beam and the rms noise o is =125
mJy/beam. Contours areat ( — 4, —2,2,4,6,8,10, 12,
14,16, 18,20, 22, 24,26, 28, 30, 32, 34, 36, 38, and 40) *o.

the entire source. If considered a single larger shell, the
source exceeds 20’ in extent.

G18.84-0.3. The integrated flux density of this source,
derived from our map shown in Fig. 6, is ~55 Jy. This is
significantly larger than the ~37 Jy expected based on the
a = — 0.3 spectral index and 1 GHz flux listed in Green’s
catalog. But our measurement is consistent with the
a = — 0.5 shell-type spectrum derived by Kassim (1989a).
We favor the steeper intrinsic spectrum, but it is possible that
our 330 MHz flux density includes contributions from unre-
lated, small diameter sources near the northwest and south-
ern extensions of the source. The presence of these superim-
posed sources and their possible confusing effects on the
derived spectrum has been noted earlier (Clark ez al. 1975).

G18.8+0.3
-1ke10'FT T
= : s
(<] 20'F ",
’&' —,C\
Z -
J
9 .
=t 30 :
\o
_\\*
%
\
40'f N
1
18" 22m00* 2I"00* 20™00*

RIGHT ASCENSION

FiG. 6. Contour map of G18.8 +0.3. HPBW is
208" X 174" at P.A. + 22° and is shown at the lower left.
Peak flux is 6.3 Jy/beam and the rms noise o is =200
mJy/beam. Contours areat ( — 4, —2,2,4,6, 8, 10, 14,
18, 22, 26, 30, and 34) *o.
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If the extension near a = 18"20™35%, § = — 12°28' is not
part of the SNR our integrated flux is ~50 Jy.

G21.5—0.9. This is a well-known plerionic SNR which
has been observed extensively, particularly at higher fre-
quencies ( > 10 GHz) where an apparent turnover is seen in
the continuum spectrum (Salter et al. 1989). In the 1-10
GHz range the spectrum is flat (a ~0.0) and the flux density
is ~6 Jy, but below 1 GHz there are indications, including
our 330 MHz measurement of ~ 9 Jy from our map shown in
Fig. 7, that the spectrum becomes steeper at lower frequen-
cies. One possibility is that in addition to the plerionic com-
ponent, there may be associated weak, steeper spectrum
shell-type emission which would have been easily missed by
higher frequency measurements. Higher low frequency flux
densities have also been recorded by other observers [e.g.,
see Kassim (1989a) for a review of low frequency flux mea-
surements]. Higher resolution 330 MHz VLA observations
are needed to determine whether the source may be a com-
posite, or whether the low frequency flux densities may be
contaminated by one or more nonthermal, steep-spectrum
background sources. If the first possibility holds true, the
source may warrant reclassification as a composite type
SNR. [Note: The source appears slightly resolved at our
resolution while observations made above 1 GHz indicate
that it should not be (Morsi & Reich 1987b). This might
indicate the presence of extended shell emission, but we con-
sider it marginal evidence since the apparent extended struc-
ture may only be a distortion introduced by the imaging er-
rors discussed in Sec. 2 above. After G29.7 — 0.3 and
G39.2 — 0.3, this source had the greatest distance (71")
from the phase center. ]

G21.8—0.6. This source shows the typical, incomplete
shell morphology of many Galactic SNRs. Our map is
shown in Fig. 8. The integrated flux density at 330 MHz of
118 Jy is, within the errors, completely compatible with the
a = — 0.5 spectral index and 1 GHz flux density estimate
listed in Green’s catalog. The nearby source at
a=18"29™45%, § = — 10° is a cataloged H 11 region pre-
sumably unrelated to the SNR.

G22.7—0.2. This is a fairly complete shell-type SNR in a

G21.5-0.9

-10°26'

DECLINATION

-

18" 31"00*
RIGHT ASCENSION

i

17"30™30*

FiG. 7. Contour map of G21.5—09. HPBW is
206" X 198" at P.A. 34° and is shown at the lower left.
Peak flux is 6.6 Jy/beam and the rms noise o is =~ 150
mJy/beam. Contours are at ( — 4, — 2,2, 4,6, 8, 10, 15,
20, 25, 35, and 40) *o.
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G21.8-0.6

-09°55'|

-10°00'

DECLINATION

18" 3100* 30™00*

RIGHT ASCENSION

29"00*

FiG. 8. Contour map of G21.8 — 0.6. HPBW is 209" X 198" at
P.A. 34° and is shown at the lower left. The peak flux is 14.0
Jy/beam and the rms noise o'is =200 mJy/beam. Contours are
at (—2,2,5,8, 10, 14, 18, 22, 26, 30, 36, 40, 50, 60, 70, and
80) *o.

complex region whose flux density is somewhat uncertain
due to its overlap with the SNR G23.3 — 0.3 and the contri-
bution from at least one superimposed H 11 region. Our im-
age of both SNRsis shown in Fig. 9. Assuming a base level of
~1 Jy/beam we estimate the contribution from the known
H nregionnear o = 18"31™45°,§ = — 9°18’tobeonly ~1
Jy if it is unresolved. With a total flux of ~83 Jy for the
SNR + H 11 region, we estimate ~ 82 Jy of emission from
the SNR. This flux density gives a spectral index of
a~ — 0.8 when combined with the 1 GHz estimate in
Green’s catalog, unusually steep for even a shell-type SNR
[Green’s (1991) catalog lists @ = — 0.6]. We suspect that
our 330 MHz flux density is an overestimate due to confu-
sion with G23.3 — 0.3 and any extended thermal emission
associated with the H 11 region. The source is roughly circu-
lar and has an angular diameter of ~30'.

G23.3—0.3. This source, also shown in Fig. 9, is an asym-
metric shell in a complex region whose flux density is diffi-

G22.7-0.2/G23.3-0.2
ST T

-08°30'-

EN
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DECLINATION

18" 33m30° 3m30* 29" 30°
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FI1G. 9. Contour map of G22.7 — 0.2 and G23.3 —0.3.
HPBW is 206" X 198" at P.A. 34° and is shown at the
lower left. The peak flux is 6.9 Jy/beam and the rms noise
ois ~200mJy/beam. Contours areat ( — 4, — 2,2,4,6,
8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, and 30) *o.
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cult to estimate because of its near overlap with the SNR
G22.7 — 0.2, and the superposition of at least two small di-
ameter H 11 regions. Assuming a baselevel of 2.7 Jy/beam we
estimate the contribution from the known H 11 regions near
18h32™,86 = — 8°35'and 18"32™, 8 = — 8°43' tobe 3.4 and
1.8 Jy, respectively, if they are unresolved at our resolution.
We find a total flux of 143 Jy for SNR + H 11 regions, indi-
cating ~ 138 Jy of emission from the SNR. This gives a spec-
tral index @ = — 0.6 based on the 1 GHz flux estimate in
Green’s catalog, only slightly steeper than the a = — 0.5
listed there. As with G22.7 — 0.2, if any of the H 11 regions
are extended, our value of the SNR flux would be an overes-
timate, and could easily account for the slightly steeper spec-
trum indicated by our measurements.

G29.7—0.3. This is a bright SNR that has been observed
over a wide range of frequencies. Our map is shown in Fig.
10. Although it appears marginally resolved at our resolu-
tion, we do not consider this significant since it lies signifi-
cantly further (88', see Table 1) from the phase center than
any other source in our study, and thus its shape may be
distorted by the errors related to this discussed in Sec. 2
above. High resolution, high frequency observations reveal a
flat spectrum core, while the low frequency measurements
are dominated by steeper spectrum shell emission. Thus it is
probably a composite type SNR. Our 330 MHz integrated
flux density implies a slightly steeper spectral index of
a = —0.8 than the a = — 0.7 listed in Green’s catalog
based on his estimate of the flux at 1 GHz, but the results
agree within the errors of our measurement. If the sourceis a
composite, one would expect the overall spectral index to be
flatter at higher frequencies where the plerionic component
is relatively stronger, and that the total spectrum would
steepen at lower frequencies where the shell-emission domi-
nates.

G30.741.0. This is an SNR of unknown morphological
type, although Reich er al. (1986) find a constant spectral
index distribution across the source as is usually the case for
extended shell-type SNRs. Our integrated flux is consistent
with the @ ~ — 0.4 spectral index and higher frequency flux
densities listed by Reich ez al. (1986) and in Green’s (1991)
catalog. The peak of our map, shown in Fig. 11, corresponds

629.7-03
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Fic. 10. Contour map of G29.7—0.3. HPBW is
222" % 205" at P.A. + 62°and is shown at the lower right.
Peak flux is at 18.1 Jy/beam and the rms noise o in the map
is ~ 600 mJy/beam. Contours areat ( —2, — 1, 1,2,4, 6,
8, 10, 14, 18, 22, 26, 30, and 34) *o.
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G30.7+1.0

-01°25' e ‘ o'

DECLINATION

A Jl
18"41m30* 41"00*
RIGHT ASCENSION

40™30°

Fi1G. 11. Contour map of G30.7 + 1.0. HPBW is 231" X 213"
at P.A. + 51° and is shown at the lower left. The peak flux is
2.6 Jy/beam and the rms noise o'in the map is =275 Jy/beam.
Contours are at ( —2, —1,1,2,3,4,5,6,7,8,9, 10, and
11) *o.

with the unresolved component seen in the 5 GHz map of
Reich et al. (1986). It is unclear whether this source is asso-
ciated with the SNR, but it appears to have a similar non-
thermal spectrum to the extended emission. Our results con-
firm this, since this small diameter component would
produce an excess low frequency flux if it had a spectrum
much steeper than the = — 0.4 spectrum of the extended
emission. Higher resolution observations are needed to de-
termine the nature of the small-diameter component.

G31.94-0.0. This is a shell-type SNR which appears as an
incomplete shell at higher frequencies but is only marginally
resolved at our resolution. Our map is shown in Fig. 12. Our
integrated flux density is consistent with the @ = — 0.55
shell-type spectral index and estimated 1 GHz flux density
listed in Green’s catalog.

G31.9-0.0

-00°50'|
55'

-01°00'

DECLINATION

os'

47™00* 46™30"
RIGHT. ASCENSION

18"47™m30*

Fig. 12. Contour map of G31.9+00. HPBW is
222" X 205" at P.A. 62° and is shown at the lower left. The
peak flux is 21.9 Jy/beam and the rms noise o in the map is
~300 mJy/beam. Contours are at ( — 2, 2, 4, 6, 8, 10, 14,
18, 22, 26, 30, 40, 50, 60, 70, 80, and 90) *o.
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G32.8—0.1. This is a poorly defined source in a confused
region. Our 330 MHz map, shown in Fig. 13, shows good
agreement with the 408 MHz map presented by Caswell ez
al. (1975), but our integrated flux density of ~ 32 Jy is sig-
nificantly larger than the 12.8 Jy they report at the relatively
nearby frequency. If we combine our measurement with the
~ 8 Jy flux density reported by Caswell et al. (1975) at 5000
MHz, we derive the typical shell-type spectral index
a = — 0.5, which is consistent with the shell-like morpholo-
gy revealed in the low frequency maps. Green’s catalog lists
an uncertain @ = — 0.2? based on the Caswell ef al. result
which they state is uncertain. We favor the @ = — 0.5 spec-
trum based on our new low frequency flux density measure-
ment and the apparent shell-like morphology. The shell is
elongated north—south and extends ~25’ in declination. The
strong source just off the map to the northeast is a cataloged
H1u region, and the source near a= 18"48™ 10°,
& = — 00°23' is a weak feature we have not included in our
flux density integration for the SNR.

G33.640.1. This is another SNR located in a complex
region, and is identified as a shell-type remnant in Green’s
catalog. The small-diameter source near a = 18"49™15°,
& = + 00°32’ appearing on our map shown in Fig. 14, was
once thought to be a new class of radio star possibly associat-
ed with SNRs (Ryle e al. 1978). Follow-up observations of
this source have indicated that it is unlikely to be associated
with G33.6 — 0.1 and is probably extragalactic (e.g., see
Seaquist & Gilmore 1982; Van Gorkom et al. 1982, and ref-
erences therein.) This result has been recently confirmed
through H 1 absorption measurements by Frail & Clifton
(1989). Our integrated flux combined with the 1 GHz flux
estimated from Green’s (1991) catalog indicates a slightly
flatter spectralindex of @ = — 0.4thanthea = — 0.5listed
there. However examination of the wide scatter in the low
frequency data listed in Kassim (1989a) reflect considerable
confusion in earlier measurements, perhaps due to confusion
by the unrelated point source. Our map, albeit with limited
angular resolution, shows a centrally condensed morpholo-
gy also reflected in maps made at higher frequencies (Cas-
well e al. 1981; Frail & Clifton 1989). Higher resolution
radio observations and x-ray observations (Velusamy et al.
1991) suggest that the peaked emission near a = 18h50™,
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\) \\ . .\L

1 L\ 11 L Z |
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F1G. 13. Contour map of G32.8 —0.1. HPBW is
227" % 213" at P.A. + 57°, and the rms noise ¢ in the
map is ~300 mJy/beam. Contours are at ( —2, — 1,
1,2,3,4,56,7,8,9,10,and 11) *o.
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Fi1G. 14. Contour map of G33.6 4+ 0.1. HPBW is
227" % 213" at P.A. + 57°, and the rms noise o in the
map is =~ 300 mJy/beam. Contoursareat ( — 1, 1,2, 3,
4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, and 50) *o.

6 = 00°35’ may be plerionic, which would indicate that the
remnant may be a composite. The weak feature near
18"49™20%, § = 00°48’ is probably not related to the SNR and
was not included in the integrated flux listed in Table 1.

G34.7—0.4. This very bright source appears quite striking
even on low frequency maps because of its large angular size
(~45'), and it has previously been considered a classic shell-
type SNR. However, Wolszczan et al. (1991) have recently
discovered a 267 ms pulsar (PSR 1853 + 01, located near
a=18"53m28%, §=01°09'23") within the shell of
G34.7 — 0.4 which they argue is physically associated with
the SNR. If this suggested SNR/pulsar association is con-
firmed, it might warrant reclassification of the remnant as a
composite. We find no apparent evidence on our image
shown in Fig. 15 for either the pulsar or plerionic emission
which may be associated with it.

Our derived integrated flux density of 469 Jy gives a
steeper spectral index @ = — 0.6 than the @ = — 0.3 listed
in Green’s catalog, when referenced to his estimate of the 1
GHz flux density. But again there is a very large scatter in
the published flux densisities, particularly at the low fre-
quencies. For example, Clark et al. (1975) find S,5 = 299
Jy while Kesteven (1968) found S,y = 390Jy with the same

01°40'}:
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54™00* 53"00" 52M00°

RIGHT ASCENSION
FiGg. 15. Contour map of G34.7—-04. HPBW is
227" % 213" at P.A. + 57°, and the rms noise ¢ in the map is
~400 mJy/beam. Contours are at ( —2, —1,1,2,3,4,5,
10, 15, 20, 25, 30, 35, 40, 45, and 50) *o.
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18"55m00*
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Molonglo telescope. By comparison Dickel & DeNoyer
(1975) found S,;, = 540 Jy with the Arecibo telescope. If
we take our 330 MHz flux density and combine it with the
old but presumably reasonably well determined 10.7 MHz
flux density of 105 Jy (Kundu & Velusamy 1972), we find
a = —0.4. We favor a spectral index between — 0.3 and
— 0.4, which would be compatible with the spectral index
expected from a composite. It is surprising that the flux den-
sity of such a bright source should be so poorly determined.
We suggest that because of its large angular size, many early
interferometric observations may have had too poor uv cov-
erage to accurately measure its total power.

G36.6—0.7. This is a recently identified SNR located in a
very complex region. Fiirst et al. (1987) observed a polar-
ized arc of emission on which the SNR identification was
based, and this arc is clearly seen on our 330 MHz map.
Fiirst ez al. do not list an integrated flux density due to confu-
sion with nearby sources that may not be part of the SNR.
We calculate a brightness temperature spectral index
B = — 2.4 (where Tav™?) for the arc, by comparison of
our 330 MHz map, shown in Fig. 16, with the Fiirst et al.
4750 MHz map. Our calculation was for the region near the
relatively unconfused but well-extended component with a
peak near 18"58™40°, § = 02°50’. This brightness tempera-
ture spectral index corresponds toana = — 0.4 flux density
spectral index, supporting the conclusion by Fiirst e al. that
this feature at least is probably part of a SNR. Further obser-
vations are certainly needed to better estimate the param-
eters for this source. If the bright, small-diameter compo-
nent near a = 18"59™, § = 02°41’ is part of the SNR, the
integrated flux for the entire region of extended emission on
our map (extending nearly 30’ north—south) is ~9.9Jy. The
integrated flux we list in Table 1 (~6.7 Jy) does not include
the contribution from this small-diameter feature or from
extended emission south of ~&§ = 02°35".

G39.2—0.3. This is a shell-type SNR which is only mar-
ginally resolved with the D array. It has been observed over a
wide range of frequencies, including higher resolution obser-
vations at 327 MHz by Patnaik et al. (1990). From their
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FiGc. 16. Contour map of G36.6 —0.7. HPBW is
222" x 202" at P.A. + 61°, and the rms noise o in the map
is =100 mJy/beam. Contours areat ( —2, —1,1,2,3,4,
5,6,7,8,9, 10, 20, 30, 40, 50, 60, 70, and 80) *o.
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own measurements and from those present in the literature,
they derive a spectrum with an index of @ = — 0.4, and a
flux density at 327 MHz of 28 Jy. In our study, this source
was the second farthest (after G29.7 — 0.3) from the phase
center of any other SNR (see Table 1), and was located in an
area'with a confused background. Our map is shown in Fig,
17. We fit an elliptical Gaussian to the source with a zero
level and slope. Our integrated flux of ~24 Jy is remarkably
consistent with the Patnaik et al. measured S,;, = 23.5 Jy
and, within the errors, with their derived spectrum as well.
Our map shows a weak extension to the southwest which
may correspond to a small-diameter feature seen on their
VLA D-array map at 1465 MHz, but for which there is only
marginal evidence on their 327 MHz image. However, we
regard features at this level to be of marginal significance on
our map because of the confused background, and the errors
related to the unusually large distance from the phase center.
Green lists a = — 0.6 for this source, but we favor the Pat-
naik et al. derived spectrum which is also consistent with the
a = — 0.4 spectrum derived by Kassim (1989a).

G41.1—0.3. This source consists of two objects (Caswell
et al. 1975), an H 11 region to the west and the SNR to the
east, and they are only partially resolved at our resolution, as
indicated by our map shown in Fig. 18. However our esti-
mate of 38 Jy for the SNR alone is consistent, within the
errors, of both the @ = — 0.4 spectrum fit by Kassim
(1989a) and the @ = — 0.48 listed in Green’s (1991) latest
catalog.

G49.2—0.7. This is the well studied giant H11 re-
gion/SNR complex known as W51. It is known to contain a
complex superposition of nonthermal and thermal emitting
regions, with the former assumed to be a Galactic SNR.
Many of the small-diameter features on our map, shown in
Fig. 19, correspond to positions from which recombination
lines have been detected, while the extended emission is
known to be at least partly nonthermal. The detection of x
rays from this region (Seward 1990) strongly strengthens
the SNR identification. A complete analysis of this source
requires a consideration of observations over a wide range of
frequencies, and will be presented separately (Odegard
& Kassim 1992). A comparison of our integrated flux den-
sity for this complex with other published results is not
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FiG. 17. Contour map of G39.2 —0.3. HPBW is
217" X 209" at P.A. + 53°, and the rms noise ¢ in the

map is ~400 mJy/beam. Contoursareat ( — 2,2,4,6, 8,
10, 15, 20, 25, 30, 35, 40, and 45) *o.
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FiG. 18. Contour map of G41.1 —0.3. HPBW is
217" %209 at P.A. + 53°, and the rms noise o in the mai)
is =250mJy/beam. Contoursareat ( — 1,2,4, 6, 8, 10, 15,
20, 25, 30, 40, 50, 60, 70, 80, 100, and 150) *o.

meaningful here since we have made no attempt to disentan-
gle the emission from the various overlapping features.

4. CONCLUSIONS

We have presented 330 MHz VLA images and integrated
flux densities for 20 previously identified Galactic SNRs.
These data are useful for anchoring the intrinsic low fre-
quency spectra of these sources, and the good surface-bright-
ness sensitivity of the VLA in its D configuration can help
establish the full extent of the nonthermal emission. Both
can help establish the morphology of SNRs whose types are
not well classified.

We have made only qualitative comparisons between pa-
rameters derived from our images and with information
about these sources present in the literature. In several cases,
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F1G. 19. Contour map of the giant H 11 region/SNR
complex G49.2 — 0.7 (W51). HPBW is 209" X 186" at
P.A. + 67°, and the rms noise ¢ in the map is =80
mJy/beam. Contours are at ( — 4, — 2,2, 6, 10, 14, 18,
22, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, and
140) *o.
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we detect an excess of flux from that predicted by measure-
ments made at higher frequencies. These discrepancies can
be reconciled in the following three ways: (1) Higher fre-
quency observations may have been insensitive to diffuse
emission from extended sources due to the dynamic range
limitation imposed on their surface-brightness sensitivity by
the Galactic background; (2) higher frequency observations
of composite SNRs are dominated by flat spectrum plerionic
emission and would have been insensitive to low level
steeper-spectrum shell-type emission if present; and (3) con-
fusion on our 330 MHz images with extended thermal
sources or steep-spectrum background (extragalactic)
sources lying along the line of sight may have led us to over-

952

estimate some SNR flux densities. The effect of the first
should be reduced at this lower frequency and comparison
with currently available recombination line observations
should have prevented confusion with obvious H 11 regions.
However the last effect can become important at our lower
frequency. The solution can be obtained by supplementing
the observations presented here with higher resolution ob-
servations at the same frequency currently available with the
VLA, or by other instruments now coming on-line with simi-
lar capabilities.

The author would like to thank the referee for several very
useful comments and suggestions regarding the manuscript.
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PLATE 73

F1G. 1. The field of GT 0116 + 622, imaged at visible and near-IR wavelengths with CCD and InSb array detectors. The IR data, originally of scale 1.3"
pixel ~!, have been remapped with flux conservation to match the 0.86" pixel - I scale of the CCD data. Each field is ~ 80 80", with north up and east to the
left. Upper left: a 1200 s CCD exposure in the Johnson R-band; the arrow indicates the proposed counterpart to the radio source, a stellar object, and ~3” of
fuzz extended to the east. Upper right: a 1200 s CCD image in the Johnson I-band. Note that the fuzz becomes more prominent, indicating large (R — I).
Lower left: A superposition of the R and ] images with a co-added 4800 s Jimage. The CCD data point-spread functions have been degraded to match that of
the Jimage. The three bands are color-coded blue, green, and red, respectively, to mimic their increasing wavelengths; the colors have been crudely balanced
so that an average field object is neutral. It is clear that the fuzz is significantly redder than the point source, and asymmetrically placed. The CCD images in-
cludeslightly more field than the IR images; this lack of overlapping data at the boundaries explains the anomalously blue colors of stars there. The diffuse arc
near the south border is scattered light from two bright stars. Lower right: A superposition of the summed J, H, and X data, again color-coded blue, green, and
red, respectively, to mimic the wavelength relationship of the bands. Note that the fuzz now overwhelms the point source, and is far redder than any other
object in the field.

Margon et al. (see page (925)
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